Closed form solutions for a simultaneously AM and high-harmonic FM mode locked laser system is presented. Analytical expressions for the pulsewidth and pulsewidth-bandwidth products are derived in terms of the system parameters. The analysis predicts production of 17 ps duration pulses in a Nd:YAG laser mode locked with AM and FM modulators driven at 80 MHz and 1.76 GHz for 1 W modulator input power. The predicted values of the pulsewidth-bandwidth product lie between the values corresponding to the pure AM and FM mode locking values.
Introduction
The mode locking of lasers for the production of high peak power ultrashort light pulses is the most widely investigated phenomenon in recent times. Demand for the pulses of durations ranging from picosecond to femtoseconds has resulted in the development of innovative techniques which evolved parallel to the development of broadband laser systems [ 1] . Stability of the mode-locking process is one of the important features which ensures the repeatability of the characteristics of individual pulses in a train of mode locked pulses. Although active mode locking is not comparable to other techniques in producing short pulses, the study of this technique is still being pursued due to its high repeatability and its suitability for low-power laser systems and gain media. Hence many efforts have been made to enhance pulse compression efficiency of this technique while retaining its high stability [7] [8] [9] . Based on earlier proposals [10] recently a new approach to overcome the inherent limitations of the active mode locking has been reported [11] . It is shown that by combining the AM mode locking at the cavity fundamental repetition rate with FM mode locking at a high-harmonic, better pulse compression (characterised by high-harmonic mode locking) with higher peak powers (characterised by the mode locking at fundamental repetition rate) can be simultaneously achieved in a laser system.
In this paper we present the theoretical analysis of a laser system mode locked simultaneously by AM modulator at fundamental cavity repetition rate and FM modulator at higher harmonics of the cavity repetition rate. Since in an actively mode locked laser with a single active mode locker the pulsewidth depends weakly on the drive power to the mode locker while its dependence is stronger on the modulation frequency, shorter pulses can be obtained by driving the mode locker at higher frequencies. However, the increase in the modulation frequency leads to the reduction in the pulse peak power as the pulse repetition rate increases. This problem can be eliminated by employing AM mode locking driven at the fundamental cavity repetition frequency and FM mode locking at higher harmonic modulation frequency, where the pulse repetition rate is controlled by the AM mode locking while the FM mode locking controls the pulse compression. Thus the advantages of both types of mode locking can be obtained in this system. The details of the theoretical model are given in w and the results are presented in w Final conclusions are presented in w
Theoretical analysis
The mode locked laser system considered in the present analysis is shown schematically in figure 1. The laser system consists of a Fabry-Perot cavity containing a laser medium, an electro-optic FM modulator and an acousto-optic AM modulator. We extend the selfconsistent model, proposed earlier [ 10] for the actively mode locked laser system, to analyse the pulse compression process in the simultaneously AM-FM mode locked laser. In this model we assume that a laser pulse of Gaussian shape is circulating inside the laser cavity with an electric field in the form E(t) = (Eo/2) exp(-Tt 2) exp(jwpt), where wp is the center frequency of the pulse spectrum in radians, E0 is the pulse amplitude and 3' = c~-jfl is the shape factor in which c~ and ~ are related to the pulsewidth and pulsewidth-bandwidth products as rp = ~/(2 In 2)/a and rpAfp = (2 In 2/7r)~1 + (~/a) 2, respectively. It is assumed that the passage of the laser pulse through the cavity elements will alter only the amplitude while preserving the shape. This is achieved by assuming the laser medium to be homogeneously broadened and the shape of the gain curve in the form where, G = @, g is the saturated round-trip amplitude gain, wa is frequency in radians corresponding to the atomic line center, and Aw is the atomic line width. Here we have assumed that there is no detuning in the system. The transmission functions for the amplitude modulator and the frequency modulator are assumed in the following approximate form to preserve the Gaussian form of the pulse after every passage [10], al (t) -~ [--2til(Wamt)2] .
( 2) for the AM modulator with a modulation index tit and fl (t) -~ exp(q=j2tic + jtic(O3fmt)2),
